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• � �T¢��²��  Ó Ù ±2σ
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Ns = N4 − 1/2(N2 +N3) + 1/4(N1) Ù � Û
¨7 G���h£G�����{�{�7���q ³�h£G�²���T�'�h�q°¦¨C�{�*�q��¢��¥·��T ÂºF¹ �

σNs
=

√

N4 + (1/2)2(N2 +N3) + (1/4)2(N1) Ù � Û
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æ§ G�C�h£G��� Ù ¨C G��°s���{�s�2��¤��T�'®¯ªGpÛ*°¦�c�h£G�����{�.�G�c�h�T�H°¦�² G�R�h£G�¦ �ª�°5º2���@�7®D�#£&¨7�{°j¶»�G¨7�q�H���² �h£G���H�q¢� &¨C9�{��¢��q�� ��²��º<¹É�2���H®¯���H°¦�² G¢R¨j°Q¨mÈL�²°5ªG°j¶»q�²±7��q�q£��L���5ÁG�[´å$�@�����h���{°s�q G�/�h£��§ <ªG°5º��T�¡�7®!�H�q¢� &¨C��c·��� <�{���q s�[¨7�#£³�#£G¨7�{°j¶»�&¨C�q�;�h¨C°¦�G²������ G�H�q�G���{�T�Y¸¤��s���T�H®¯�7�{°À¨³ºG� ¶»�G�²°¦�� G�{�²�� &¨7�ÁG����·������{£G�R�#£&¨7�H°R¶»¨7 F�h�q�#£G¨7�{°  G���{°¦¨7²�#"T���.°¦¨7�{�*�G�²�H�{�{�¥¶ºGª��{�q�� G� Ù �,�²¢��T´ Ý ¶»ùFÛc´§Ö» ]¢7�T G���h¨7f¸2�h£��j°Q¨mÈL�²°5ªG° q�²±7��q�q£��L���¬°s���{£G����¨7�{�HªG°s�T�0¤��j£&¨[·��
N
�q G�G���2�� G�G�� <�@°¦�T¨7�{ª��{�T°s�T F�{�_�7®��� G�s����°¦�7�{�R¿<ª&¨7 F�h�¥�h�q����¨7 G���{£&¨C���h£��T�{�¦¿<ª&¨7 F�h�¥�h�q���

zj

¨7�H�0�G�²�H�h�H�qºGªL�h�T��¨C�T�T�7�{�G�² G¢5�h�j�H��°¦�*���{��º&¨CºG�q²�²�»¹R�G�� G�{�¥�»¹Q®¯ªG G�c�h�²��  F(zj|~θ)
¸�¤/£G���{�

~θ�q�/¨R�{�c���C®,ªG �±� ��N¤/ ¬�&¨7�{¨7°¦�c�h���{���h�Rº��������h���{°s�q G���9´;å$�s�����h���{°s�q G�*�{£G���{���Ê�7®$·C¨7qª��T�
~θ�h£&¨m�/°Q¨mÈL�²°¦�&"T�T�¡�h£G��ÿH���² F���G�{�7º&¨7ºG�²q�²�»¹R®¯���/¨CqY�c·��� <�{��¤���£&¨[·��*�h�R�{�7²·��� <ªG°s�T�H�q�[¨Cq²¹R�{£G��{�c���C®E�T¿<ª&¨m�h�q�7 G� �

∂ lnL(~θ)

∂θj

= 0, where L(~θ) =

N
∏

j=1

F(zj|~θ) Ù Ý Û
Ö» Q�&¨7�H�{�q��ªGÅ¨7��¸F®¯�����{£G�q��¨7 &¨7¥¹��{�q�¡¤��§ªG�{�§�{£G��� npb&bYa{r	�sk�
�n��jv�×o n �Faco n��&g�gTr °s���{£G���9´EÖ½®¤���£&¨[·��§¨ � ¶½�G�q°s�T ��{�q�7 &¨7�£��q�H�{��¢��{¨7° ¤/�¥�h£

M ×N º��q G��¸�¤/£G���{�Ê�[¨7�#£QºG�q s£&¨7�¡¨_���� G�'�#¨7 F�ºG�q �¶Æ¨7�H�[¨
s
�

s = hx · hy ; hx ≡ (xf−xi)
M

hy ≡ (yf−yi)
N
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Û;¨7�H���h£G�/ªG�G���T�¡¨7 ��s²��¤����¡²�q°s�²�{�,�� �� Ù ä�Û,�T�����{�G�² &¨C�{�7¸��h£��T �h£G�*ÁG�H�h���¬���� F�h�T F���7®$�h£G��ºG�² 

b(p, q) Ù p = 1 · · ·M ¸
q = 1 · · ·N Û�¤/�qq2º2� �

fpq(~θ) =

∫ xi+hx·p

xi+hx·(p−1)

∫ yi+hy·q

yi+hy·(q−1)

f(x, y|~θ) dxdy Ù Ó Û
¤/£G�T�H�

f(x, y|~θ)
�q�³�h£G��®¯ªG ����h�²��  ¤/£G�q�#£ü�&¨7�{¨7°s���h�H�#"��T�É�h£��]�H£&¨7���?¨C G�=£G�T�²¢�£F�¬�C®_�{£G�£G�q�'�h��¢7�h¨7° Ù ¨7 G�³®¯���D�{£&¨C�Ê�{�T¨7�{�7 ¬�G���T�/ G�C�/ G�T���¬�h�Rº��� G���{°¦¨7²�#"T���PÛc´Ö½®�¤��Q¨7�{�HªG°s�Q¨¬Ë¼���²�{�{�7 ?�G�²�H�h�H�qºGªL�h�q�7 .®¯�����{£G�s �ª�°5º2���_�C®D��·7�T F�h�@�q ]�[¨7�#£�º��q 9¸

npq

¸�h£G�� Â�{£G��q�²±7�T²�q£G�����Éº2���T��°s� �

L(α) =

M
∏

i=1

(fpq)
npq e−fpq

npq!
Ù Ô Û

Ö½�Ê�q�/¨7¥¤D¨[¹��/°¦���H�*�T�� F·7�T G�²�T F���{�j¤����H±É¤/�²�{£��{£G�� G�T¢�¨C�h�¥·��*q�7¢C¶»²�q±7��q�²£G�L���9¸F�H� �

−lnL(α) = −
M

∑

i=1

(npq lnfpq − fpq − lnnpq!) Ù ù�Û

Ö» =Ü;¿P´ ù?¤����T¨7  �G�{�7�Ø�h£G�.�{�T�{° ∑M

i=1 ln npq!
º2���[¨7ª��{���²�Q�q�É�² G�G���2�� G�G�T F���7®

α¨7 G�]�G���T�* G�7�_¨7¥�h���§�h£G�jÁG���H�T�HªG²�T´jÖ»¢� G���H�q G¢É�{£G�q�*���� G�H�h¨7 F��¤��R��º��h¨7�q .�{£G�j®¯ªG G�c�h�q�7 	�{�°¦�² G�q°s�#"�� �

−lnL(α) = −
M

∑

i=1

(npq lnfpq − fpq) Ù Õ Û

Ö» Ú���{�G�����{�É�T�� ��H�h�HªG���*�{£G�@�G¨7�h¨7°s���{�{�²��®¯ªG ����h�²�� 
f(x, y|~θ Ûc¸2¤��R¨7�H�{ªG°s�_�{£&¨C� � �ÅÛ��{£G� G���H°Q¨7²�#"��T�@°¦¨7�H�E�G�q�'�h�H�qºGª��{�q�� ��7®P�H�[¨7L�#£&¨7�{°ã¨7 G�R¨7 F�{�q�#£&¨7�H°+�&¨7�H�{�q��q���G¨7�q�H�,�q� 1 ¨CªG�{�H�Å¨7 9¸¨7 G�¦�q�pÛ¼�{£G�Ê G���{°¦¨7²�#"T���R°Q¨7�H���G�q�'�h�{�²ºGª��{�q�� j®¯����º&¨7�#±<¢��H��ªG G�Q�7®9�h£����&¨C�q�{���²�¡²�q G�T¨7�T¸F�H�_�{£G��&¨7�{¨7°¦�c�h�H�q�§®¯ªG ����h�²�� ��q� �

f(x, y|~θ) = NS ·G2D(x, y|σx2D, σy2D, µx, µy) + Nx ·G1D(x|σx, µx) + Ù Ï Û
Ny ·G1D(y|σy, µy) + NB · P2D(x, y|bx, by)

¤/£��T�{�
G2D

¸
G1D

¨7 G�
P2D

¨7�H�� ����{°¦¨7q�&"T���É�{ªGº�¶½®¯ªG G�c�h�²�� G�/ªG�{���¬�{�s°s���G�T �
áL�q¢7 &¨79�c·��T F�{� �

G2D(x, y|σx2D, σy2D, µx, µy) = 1
2π σx2D σy2D

e
− 1

2

[

( x

σ
x2D

)2+( y

σ
y2D

)2
]

��£&¨7�H°R¶½�{�q��¢��0ºG±<¢G´���·7�T F�h� �
G1D(x|σx, µx) = 1√

2π σx

e−
1

2

[

x−µx

σx

]2

æ§ F�h�²�#£&¨7�H°R¶½�{�q��¢��0ºG±<¢G´���·7�T F�h� �
G1D(y|σy, µy) = 1√

2π σy

e
− 1

2

[

y−µy

σy

]2

����°5ºG�² 9´;��·7�T F�h� �
P2D(x, y|bx, by) = 1

(xf−xi)(yf−yi)
+ bx(x−mx) + by(y −my)
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å�£���ª� G±< G��¤/ Ú�&¨7�{¨7°s���h���{�/�q É�{£G��°Q¨NÈ��²°5ªG°×q�q±C�T²�q£G���L�sÁG�Ê¨7�H� �

α = (NS,NB,Nx,Ny, σx2D, σy2D, σx, σy, µx, µy, bx, by) Ù Ñ�Û
¤/£��T�{� �
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�  <ªG°5º��T���7®,�{�q¢7 &¨7Y�c·��� <�{�T´
Nx

�  <ªG°5º��T�/�7®¼�� G�*�H�[¨7!�#£G¨7�{° ¨C G�¬�7 G�*® ¨7±7��¨7 F�h�²�#£&¨7�H° �&¨7�'�h�²�Tq�*�c·��� <�{�T´
Ny

�  <ªG°5º��T�/�7®¼�� G���{�T¨7�¨7 F�h�²�#£&¨7�{° ¨7 G�Â�� G�*® ¨7±C���#£G¨7�{°ë�G¨7�H�{�q�T²�0��·7�T F�h��´
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Ycount = Ylog−like

∫

Sxy

G2D(x, y|σx, σy, µx, µy)

= Ylog−like

(

∫

±2σx

G1D(x|σx, µx)
)(

∫

±2σy

G1D(y|σy, µy)
)

= Ylog−like (0.945) × (0.945)

≈ (0.89) Ylog−like Ù � � Û
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�FÕ ± ����Ý Õ�� ù � ù Ó
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��£&¨7�H° ä

mMC(corr)
ä

pair

Þ ä
antipair�&¨7�q�

D+D
0 � �

�
� ± ù � � ´ Ñ Õ7Ô ± � ´ ��Ô�Ô

D0D− �NÔ�� � ± Ô Ñ
D+D−

s

�7Ï ± Õ � ´ Õ�ÕCÏ ± � ´ Ý��FÕ
D+

s D− Ý ù ± � �
D0D−

s

Ó<Õ ± Ñ
� ´ ù ÏL� ± � ´ ��Õ��

D+
s D

0 ù�Ñ ± ���
D+Λ−

c

� � ± �G� � ´ ù�Ñ Õ ± � ´ �CÏFÕ
Λ+

c D− ��� ± �L�
D0Λ−

c

� ��Õ ± �7Ý � ´ Õ�� � ± � ´ ��Ô Ñ
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�:��� # �'���"� � �f�*!?� ���������'�
â?���2���H®¯���H° �{��°s�§�#£G���#±<���q É���H�G�T�¡�h�@¨7�{�H�T�{�D�{£G�§�'¹��H�h��°Q¨m�h�q���T�H�{�����q ¦�{£G�§°s�[¨C�{ªG�H�T°s�T F��7®$�h£G���#£&¨7�H° �&¨7�²� Þ ¨7 F�{�q�&¨7���h¨C�{�q����´å$�Â�G�Â�{£G�q�*¤��¦�#£G¨7 G¢����?�q �¨��{�[¨C�{�� &¨CºGq�R°¦¨7 G G�����{£G�R¤D¨[¹�¤��¦¢��c�_�{£G�R�#£&¨7�H°R¶½�&¨7�q�¹��q�T²�G�T¸&�{£G��Á��{�h�² G¢R�T�� ��G�²�{�q�� G�Ê¨7 ��Â�{£G�_�#£G¨7�{°j¶»�&¨C�q��°s��°¦�� F�hªG°ë��ª����� ¬�{£G��¤/£���q���&¨C�h¨�{�c�[´

• ºG�²  ��Ô ¸/ºG�²  Ý
�*� 3¡¨7�{�q¨C�h�²�� ÷�² ÷�h£���ºG�q  �H�#"T� Ù 25 × 25
¨7 G�

30 × 30
ºG�² G�#Û¦�C®��{£G�ºG� ¶»�G�²°¦�� G�{�²�� &¨7��#£&¨7�H°R¶½�&¨7�q��°Q¨7�H���G�q�'�h�H�qºGª��{�q�� Y´ Ù � < 20 × 20

ºG�² G�#ÛÃ´
• ºG±<¢�� � ºG�q � G�T�¦°¦�c�h£G���s®¯�7�¡ºG¨7�#±<¢��{��ª� G�É�{ª�º��h�{¨7���{�q��  Ù � <
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â=�¥�h£Ú�{£G�5�#£&¨C�{°j¶»�&¨7�²�Ê¹��²�Tq���§��º��h¨7�q ��T�Ú®¯�H��° �h£G�5���²¾2�T�{�� F�0·C¨7�{�q¨C�h�²�� G� Ù �{ª�°¦°¦¨7�{�&"T����q 	å¼¨7ºGq� ��Ý Ûc¸9¤��¦�T¨7q��ªGÅ¨C�{�5�h£G�R�G�¥¾Y���{�� <�{�_�#£G¨7�{°À�G¨7�q� Þ ¨7 F�h�²�&¨7�0�{¨C�h�²��� Ù �,�²¢��T´�Í ÝFÕ ¶ Ý Ñ Ð Ûc´â?���HªG�2�7�{�{� k���eÃnzgmeÃn �{£&¨C�j�h£��Â�#£G¨7�{° �&¨C�q� Þ ¨7 F�h�q�G¨7�q���h¨C�{�q���5¤��Â�[¨7²�TªGq¨C�h�³¨C�{���T¿<ª&¨7²²¹q�²±7�T¥¹R®¯�����T¨7�#£��T��ªG��q�§�C®��{ªGºL¶½�h¨7°s�G²�T�T¸L�h£G���{��®¯�7�{�§�{£G�0ªG G���T�'�#¨7�² <�»¹Q�[¨7 ³º��0���H�h�²°Q¨m�h�T�Qº<¹�h£G� e������¥l �7®¼�{£G��°¦�T¨7�{ª��{�T°s�T F�{�_Í �CÓ7Ð ´Ö» ýå¼¨7ºGq� �[Ó ¤��Ú�{£��N¤ �h£G�Â�#£&¨7�H° �&¨7�q� Þ ¨7 F�h�²�&¨7�²�5�h¨C�{�q���R¨C G�ý�{£G�Â�H¹��H�{�T°¦¨C�h�²�¬���{�{�7��[¨7²�TªGq¨C�h���³®¯�����[¨7�#£Â�{ª�ºL¶»�{¨7°¦��q�7´�¼�q &¨7²²¹7¸m�² 5å¼¨7ºGq� �NÔ ¤����{£G��¤þ¨0�T�7°¦�&¨C�{�q�H�� @º����»¤��T�� s�{£G�D�#£&¨C�{° �&¨7�q� Þ ¨7 F�h�²�&¨7�$�h¨C�{�q���¤��§¢��7�D�² G�²�{�Å¨7²²¹@¨7 G�Q�{£G�0°s�q G��«Â�� F�h���D¨7�Hq�5�����{�H�T�c�h�T��¨C G�Q�h£��0�H¹��H�{�T°¦¨C�h�²�§���{�{�7�D¨7�G���T�Á& &¨7!�H�T�HªG²�{�T´
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